Review
The difficulty in detecting perioperative myocardial infarctions
Unrecognized MIs are not restricted to the perioperative setting. 2 Eight large cohort studies (samples over 1000), which were not confined to patients undergoing surgery (e.g., the Framingham Study), evaluated the frequency of unrecognized MIs among more than 65 000 people based on the new appearance of diagnostic Q waves (typically ≥ 30 ms in 2 or more anatomically adjacent leads). [3] [4] [5] [6] [7] [8] [9] [10] In these studies, 3237 MIs occurred, of which 945 (29%; 95% confidence interval [CI] 28%-31%) were not detected at the time of the event. These MIs were not benign: patients experiencing an unrecognized MI have a prognosis similar to that of patients experiencing a recognized MI. 11 To estimate the frequency of perioperative clinically unrecognized MI, we evaluated all prospective cohort studies of patients undergoing noncardiac surgery that fulfilled the following criteria: sample greater than 300 patients, surgery not restricted to a specific type (e.g., vascular surgery), at least 1 measurement of a cardiac enzyme or biomarker after surgery, and an accounting of the patients experiencing a perioperative MI who had no clinical signs or symptoms suggestive of an MI (Table 1) . [12] [13] [14] The pooled results from the 3 eligible studies suggest that only 14% (95% CI 3%-25%) of patients experiencing a perioperative MI will have chest pain and only 53% (95% CI 38%-68%) will have a clinical sign or symptom that may trigger a physician to consider an MI.
Although the number of events is small, the large proportion of clinically unrecognized MIs is plausible. First, the majority of perioperative MIs occur during the first 3 days after surgery, 14, 15 a period when most patients receive analgesics (e.g., narcotics), which can blunt cardiac pain perception. Second, a small but high-risk group of surgical patients will require intubation and sedation during the Surveillance and prevention of major perioperative ischemic cardiac events in patients undergoing noncardiac surgery: a review P.J. Devereaux, Lee Goldman, Salim Yusuf, Ken Gilbert, Kate Leslie, Gordon H. Guyatt Abstract THIS IS THE SECOND OF 2 ARTICLES EVALUATING cardiac events in patients undergoing noncardiac surgery. Unrecognized myocardial infarctions (MIs) are common, and up to 50% of perioperative MIs may go unrecognized if physicians rely only on clinical signs or symptoms. In this article, we summarize the evidence regarding monitoring strategies for perioperative MI in patients undergoing noncardiac surgery. Perioperative troponin measurements and 12-lead electrocardiograms can detect clinically silent MIs and provide independent prognostic information. Currently, there are no standard diagnostic criteria for perioperative MIs in patients undergoing noncardiac surgery. We propose diagnostic criteria that reflect the unique features of perioperative MIs. Finally, we review the evidence for perioperative prophylactic cardiac interventions. There is encouraging evidence that some perioperative interventions (e.g., β-blockers, α 2 -adrenergic agonists, statins) may prevent major cardiac ischemic events, but firm conclusions await the results of large definitive trials. The best evidence does not support a management strategy of preoperative coronary revascularization before noncardiac surgery.
highest risk period, which limits their ability to communicate symptoms. Third, surgical patients experiencing potential signs (e.g., hypotension, tachycardia) or symptoms (e.g., shortness of breath, nausea) of MI have a host of more common potential explanations (e.g., atelectasis, pneumonia, hypovolemia, bleeding, medication side effect), and physicians may therefore not consider MI.
Diagnosing perioperative MIs in patients undergoing noncardiac surgery
Currently, there are no standard diagnostic criteria for perioperative MI in patients undergoing noncardiac surgery. Optimal diagnostic criteria must consider the unique features of perioperative MIs, in particular that a large proportion are clinically silent. We propose diagnostic criteria for perioperative MIs (Box 1) that we have adapted from a recent consensus document of the joint European Society of Cardiology / American College of Cardiology (ESC/ACC) committee that redefined nonperioperative MI 16 (Box 2). The first of our criteria requires a typical rise in troponin or a typical fall of an elevated troponin level detected at its peak after surgery in a patient without a documented alternative explanation for an elevated troponin level (e.g., pulmonary embolism) or -only if troponin measurement is unavailable -a rapid rise and fall of CK-MB. We encourage physicians to use troponin measurement, because perioperative CK-MB measurements are prone to false-positive and false-negative values. Surgical trauma can result in the release of CK-MB from skeletal muscle and a false-positive CK-MB value for MI. [17] [18] [19] A substantial proportion of perioperative MIs occur in the first 2 days after surgery, when serum CK values are high secondary to surgical trauma. These high CK values can result in a low, and thus false-negative, ratio of CK-MB to total CK. 19, 20 Given the limitations of CK-MB measurement in the perioperative setting, physicians should only use CK-MB if troponin measurement is unavailable at their centre.
As troponin values rise, their variability, as measured by the coefficient of variation, decreases. The ESC/ACC guidelines define an increased troponin level as "a measurement exceeding the 99th percentile of a reference control group." At the same time, however, they specify that the coefficient of variation at the 99th percentile should be 10% or less. Unfortunately, no available troponin assay meets the 10% coefficient of variation criterion at the 99th percentile -higher levels (above the 99th percentile) are required to meet this criterion. 21, 22 In keeping with previous suggestions, 21, 23 until the assays are improved to meet the ESC/ACC recommendation, we define an increased troponin level as the lowest value that has a coefficient of variation equal to 10% (Appendix 1). 21 New Q-wave changes (≥ 30 ms) present in any 2 contiguous leads fulfill the definition of the development of Because many patients will not experience symptoms, clinicians may still miss the correct diagnosis in patients with an elevated troponin level after surgery who have experienced an MI. Some of these patients will have an uninterpretable ECG (e.g., paced, left bundle-branch block, chronic ST-segment changes); some will have an infarct in a territory (e.g., posterior) where the conventional ECG lacks sensitivity; 24 and some will have significant ST-segment changes that resolve by the time the ECG is repeated the following day. To avoid missing the diagnosis of MI, we have added to the first criterion the finding of a new or presumed new wall-motion abnormality on echocardiography or a new or presumed new fixed cardiac defect on radionuclide imaging.
When physicians encounter a patient who has an elevated troponin level after surgery without either ischemic symptoms or a diagnostic ECG, the differential diagnosis includes MI and noncardiac causes (e.g., pulmonary embolism). Because MI is a probable cause of an elevated troponin level in this situation, physicians should consider obtaining an echocardiogram or radionuclide imaging.
Although physiologic studies suggest that an imaging study may be insensitive (an injury involving > 20% of myocardial wall thickness may be required to detect a wallmotion abnormality on echocardiography, and an injury of myocardial tissue > 10 g may be required to detect a radionuclide perfusion defect), 16 at least 1 clinical study has suggested that echocardiography has a high sensitivity: 108 patients had troponin levels measured before surgery and every 6 hours for the first 36 hours after surgery, as well as echocardiography before surgery and 3-5 days after surgery. 19 Echocardiography demonstrated a new wall-motion abnormality in all but 1 of the 9 patients who experienced an MI based on the diagnostic criteria of an elevated troponin level and significant ECG changes. This study also suggested excellent specificity for echocardiography. None of the remaining 99 patients had a new wall-motion abnormality. These results suggest that a wall-motion abnormality detected on an imaging study in the absence of a prior study suggests the diagnosis of perioperative MI, and a demonstrably new abnormality increases the likelihood further and thus supports our definition of a perioperative MI.
Further research is needed to evaluate the diagnostic criteria we propose.
Prognostic factors

Cardiac biomarkers
Perioperative measurement of cardiac enzymes or biomarkers not only can help to identify otherwise silent MI but may also contribute important prognostic information. 
Box 1: Proposed diagnostic criteria for perioperative myocardial infarction in patients undergoing noncardiac surgery
The diagnosis of perioperative MI requires any 1 of the following criterion:
• Criterion 1: A typical rise in the troponin level or a typical fall of an elevated troponin level detected at its peak after surgery in a patient without a documented alternative explanation for an elevated troponin level (e.g., pulmonary embolism); or a rapid rise and fall of CK-MB only if troponin measurement is unavailable.* This criterion requires that 1 of the following criteria must also exist: -Ischemic signs or symptoms (e.g., chest, arm or jaw discomfort, shortness of breath, pulmonary edema) -Development of pathological Q waves on an ECG -ECG changes indicative of ischemia -Coronary artery intervention -New or presumed new cardiac wall-motion abnormality on echocardiography, or new or presumed new fixed defect on radionuclide imaging • Criterion 2: Pathological findings of an acute or healing MI • Criterion 3: Development of new pathological Q waves on an ECG if troponin levels were not obtained or were obtained at times that could have missed the clinical event
To assess the prognostic value of perioperative troponin and CK-MB measurements, we evaluated all noncardiac surgery studies that fulfilled the following criteria: at least 1 troponin or CK-MB measurement after surgery; reporting short-term (< 30 days after surgery) cardiac or total mortality, or intermediate (≤ 1 year after surgery) or longterm (> 1 year after surgery) mortality or major cardiac events; and assessment of the prognostic value of perioperative troponin and CK-MB measurements through multivariable analysis. The 6 eligible studies, [25] [26] [27] [28] [29] [30] which included a total of 2175 patients and 249 events (Table 2) , evaluated CK-MB, 26, 27, 29, 30 troponin T, [28] [29] [30] troponin I 25, 27 or both troponin T and I. 26 In all 6 studies, troponin measurement proved to be a statistically significant independent predictor of intermediate and long-term outcomes (i.e., mortality and major cardiac events). This finding persisted even in the 2 studies that excluded patients who experienced a perioperative MI. 29, 30 Two studies evaluated and demonstrated a dose-response relation -the higher the peak troponin value, the higher the 1-year mortality. 25, 28 In contrast, 3 of the 4 studies that assessed CK-MB failed to show an association between an elevated CK-MB value and intermediate or long-term outcomes. 26, 27, 29, 30 The authors of one of the studies 27 published a second paper evaluating the same patients but excluding deaths in the first month after surgery and extending the follow-up period from 1 to 2 years. 31 In this second paper, an elevated perioperative troponin value did not significantly predict the few deaths between months 1 to 24 after surgery (odds ratio 2.7, 95% CI 0.7-10), 31 which suggests that an elevated perioperative troponin value more strongly predicts mortality in the first 12 months after surgery. We did not evaluate the short-term predictive power of troponin or CK-MB values for diagnosing MI because they are now part of the diagnostic criteria. Troponin was not, however, part of the diagnostic criteria when one of the earlier studies showed its prognostic benefit.
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Electrocardiography
We evaluated studies using the same eligibility criteria for troponin and CK-MB measurement, made specific for electrocardiography, to assess the prognostic value of ECG evidence of perioperative ischemia. Because of the consistency with which an elevated perioperative troponin value proved to be an independent predictor of major outcomes after surgery, we also required that studies include troponin in their multivariable analysis. Three studies met our criteria (Table 3) . 26, 27, 30 Filipovic and colleagues 27 did not demonstrate a statistically significant association between 3-lead ECG evidence of perioperative ischemia and mortality after surgery, probably because ECG monitoring with fewer leads has lower sensitivity than monitoring with 12 leads. 32 The other 2 studies, one of which excluded patients who experienced an MI within 30 days after surgery, 30 demonstrated a statistically significant association, independent of perioperative troponin values, between perioperative ischemia on a 12-lead ECG and long-term mortality.
26,30
Devereaux et al The ECG, like biomarkers, is part of the diagnostic criteria for MI, but it also is often the sole criterion for myocardial ischemia in the absence of infarction. Even a single postoperative ECG demonstrating ischemia in the recovery room is predictive of a major cardiac complication later during the hospital stay. 33 
Use of diagnostic and prognostic data
If clinicians wish to avoid missing a significant proportion of perioperative MIs and identify patients at high risk of intermediate or long-term major cardiac events, they should consider monitoring troponin levels and ECGs daily during the first 3 days after surgery. Choosing whom to monitor presents a challenge. The risk of missing an asymptomatic infarct increases with increasing postoperative risk of major cardiac events. A reasonable threshold would be to obtain troponin levels and ECGs for patients with established atherosclerotic disease (i.e., coronary artery disease and peripheral vascular disease) who are undergoing surgery requiring hospital admission. An alternative threshold would be to monitor patients who have other risk factors for perioperative cardiac events (e.g., diabetes mellitus, renal insufficiency, or a history of heart failure or cerebrovascular disease). 34 Definitive recommendations await the results of further studies.
Interventions to prevent perioperative cardiac events
The multiple triggers and states (i.e., inflammatory, hypercoagulable, hypoxic and stress states) that may result in an MI in patients undergoing noncardiac surgery, which we discussed in the first article in this series, 1 open the possibility for a variety of potential prophylactic interventions. We will review the evidence for perioperative prophylactic use of β-blockers, calcium-channel blockers, α 2 -adrenergic agonists, coronary revascularization, 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A reductase inhibitors (i.e., statins) and acetylsalicylic acid (ASA) in patients undergoing noncardiac surgery (Table 4) . [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] In considering the evidence for these interventions, readers should keep in mind 2 points. First, it is only realistic to expect moderate treatment effects (i.e., relative risk reductions of 20%-35%). Even when an intervention effectively blocks one or more pathogenic mechanisms, there will remain a number of unaffected pathogenic mechanisms; thus, large treatment effects are unlikely. Second, even assuming a high rate of perioperative cardiovascular events of 10%, trials need at least 350, and ideally 650, events to convincingly demonstrate a 25% relative risk reduction. 47 β-Blockers β-Blockers moderate the effects of increased catecholamine levels and therefore may prevent perioperative cardiac events. 48, 49 Many authors and 2 guideline committees have recommended that patients with coronary artery disease or risk factors for coronary artery disease undergoing noncardiac surgery receive perioperative β-blocker therapy. [50] [51] [52] [53] Important developments have occurred since these recommendations, and subsequent reviews, 54, 55 were published.
Proponents of β-blocker prophylaxis have based their recommendations primarily on the results of 2 randomized controlled trials (RCTs) ( Table 4) . 35, 37 These 2 trials have limitations. Poldermans and colleagues 35 stopped their unblinded trial after an interim analysis based on 20 outcomes, and they demonstrated an implausible relative risk reduction of 90% in the composite outcome of cardiac death and nonfatal MI. In a second trial, by Mangano and colleagues, 37 the results were no longer statistically significant when patients who died while receiving the study drug were included in the intention-to-treat analysis. 56 In contrast, the results from 2 recent trials did not demonstrated any benefit from β-blocker therapy. 36, 38 Although these 2 trials had a greater number of cardiac events and enrolled more patients than the 2 previous trials, they were nonetheless underpowered to determine the impact of β-blocker therapy on major cardiovascular outcomes. However, their findings indicate that the results from the earlier trials were overly optimistic. Ongoing trials 54 will help to resolve the inconsistency in the results of the current perioperative β-blocker trials.
Calcium-channel blockers and α 2 -adrenergic agonists
Calcium-channel blockers dilate coronary arteries; 57 α 2 -adrenergic agonists suppress the release of catecholamines. 42, 58 These effects may prevent perioperative cardiac events. In Table 4 we present the results from 2 recent sys- This trial was included in the MA by Wijeysundera et al. 40 We included it here because it accounts for 56 of the 70 deaths and 157 of the 172 MIs in the MA Long-term follow-up (2 yr) Wallace et al 42 
RCT
Total mortality Of the patients assigned to coronary artery revascularization, 38% underwent CABG, 55% underwent PCI, and 7% did not receive coronary revascularization Statin therapy 6-mo follow-up after surgery Durazzo et al 44 
Cardiac death, nonfatal MI, ischemic stroke or UA 4/50 13/500 0.31 (0.11-0.88)
None of the individual outcomes demonstrated statistically significant results
Antiplatelet therapy
Short-term follow-up Robless et al 45 Patients underwent infra-inguinal bypass surgery. MA included 10 RCTs, 6 of which evaluated effects of ASA PEP investigators 46 
MA of RCTs
RCT
Death from ischemic heart disease or nonfatal MI 105/6679 79/6677 HR 1.33 (1.00-1.78) ASA therapy was evaluated in patients undergoing surgical repair of hip fracture tematic reviews and meta-analyses that evaluated the effects of perioperative calcium-channel blockers and α 2 -adrenergic agonists in patients undergoing noncardiac surgery. 39, 40 The results of the meta-analysis of calcium-channel blockers were not statistically significant; however, there were too few events from which to draw conclusions. 39 More research is needed to determine the effect of perioperative calciumchannel blocker therapy.
A meta-analysis of α 2 -adrenergic agonists demonstrated a statistically significant reduction in both mortality and incidence of MI with α 2 -adrenergic agonist therapy among the patients who underwent vascular surgery. 40 The investigators, however, found no effect on mortality and MI incidence among the patients who underwent nonvascular, noncardiac surgery.
Although there were 12 RCTs included in the metaanalysis of α 2 -adrenergic agonists, a single study accounted for most of the events. 41 In this trial, 2854 patients were included in the randomization, but the published report excluded 957 of them at high risk of coronary artery disease because an interim analysis showed that they had a lower than expected event rate. The investigators then focused on the remaining 1897 patients with established coronary artery disease, 52% of whom underwent thoracic, abdominal or orthopedic surgery. Mivazerol therapy resulted in a statistically significant reduction in the composite outcome of total mortality and nonfatal MI only in the subgroup of patients who underwent vascular surgery.
An RCT completed since the publication of the metaanalysis of α 2 -adrenergic agonists evaluated the long-term effects of perioperative clonidine in patients undergoing noncardiac surgery. 42 Clonidine was found to have no effect on the incidence of MIs (4 events) during the original hospital admission, but the trial results suggested a mortality benefit at 2 years after surgery.
Although the results of the meta-analysis of α 2 -adrenergic agonists are encouraging, they warrant a cautious interpretation. The most recent clonidine trial is also encouraging, but given there were few events, unrealistic relative risk reductions and results of borderline statistical significance, the results may represent a chance finding. Confirmation of these results is required in a large, welldesigned trial.
Coronary revascularization
The use of coronary revascularization before noncardiac surgery is based on the assumption that perioperative MIs occur primarily in coronary arteries with hemodynamically significant stenoses and that revascularization may therefore prevent infarction. As we discussed in the first article in this series, 1 this assumption may be erroneous. Although some observational studies suggested a benefit of coronary revascularization before noncardiac surgery, 59 ,60 a recent RCT has revealed that coronary revascularization performed in patients with chronic stable angina had no effect on outcomes after elective vascular surgery for abdominal aortic aneurysm or severe leg claudication (Table 4) . 43 This trial excluded patients with unstable angina, some of whom may benefit from coronary revascularization before noncardiac surgery. Small observational studies suggest that patients should have their noncardiac surgery delayed for at least 1 month following CABG and 6 weeks following angioplasty with a bare-metal stent. [61] [62] [63] [64] The optimal period to delay noncardiac surgery following use of a cardiac drug-eluting stent is unknown. 65 However, it is probably substantially longer than 6 weeks, because drugeluting stents delay endothelialization compared with baremetal stents, and their use likely prolongs the period of risk for late stent-related thrombosis.
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Statins
Statins have plaque-stabilizing properties and therefore may prevent perioperative cardiac events. 67 Three observational studies suggest that statin therapy reduces the risk of perioperative death in patients undergoing noncardiac surgery. [68] [69] [70] The 1 RCT that evaluated the effects of perioperative statin therapy in patients undergoing vascular surgery demonstrated a statistically significant benefit, but there were few events (Table 4) . 44 Given the limited current evidence (i.e., 17 events in the only RCT, implausibly large relative risk reduction, borderline statistically significant result for a broad composite outcome), the effectiveness of perioperative statin therapy remains uncertain. The evidence does, however, provide the impetus for an adequately powered RCT to determine whether perioperative statin therapy prevents major perioperative cardiac events.
Acetylsalicylic acid
ASA suppresses platelet aggregation and therefore may prevent perioperative cardiac events. 71 A systematic review of antiplatelet therapy versus placebo in patients undergoing infra-inguinal bypass surgery offers encouraging evidence that antiplatelet therapy prevents vascular events (Table 4) . 45 In contrast, the Pulmonary Embolism Prevention (PEP) trial suggested an increased risk of cardiac ischemic outcomes with ASA therapy in patients undergoing surgery for a hip fracture. 46 Although the PEP trial suggests that ASA therapy can prevent pulmonary emboli (hazard ratio 0.43, 95% CI 0.18-0.60), this result has failed to affect clinical practice, because only 25% of patients in the placebo group were receiving a low-molecular-weight heparin. The American College of Chest Physicians' evidence-based guidelines recommend lowmolecular-weight heparin, not ASA, for prophylaxis against venous thromboembolism in patients undergoing hip fracture surgery. 72 ASA therapy in patients undergoing noncardiac surgery is associated with an increased risk of bleeding. In the PEP trial, there were 197 postoperative bleeding episodes requiring a transfusion among the 6679 patients randomly assigned to receive ASA, compared with 157 postoperative bleeding episodes requiring a transfusion among the 6677 patients in the placebo group (relative risk increase 24%, 95% CI 1%-53%). 46 In the antiplatelet trialists' overview of RCTs of antiplatelet therapy (ASA was the intervention in a third of these trials) in surgical patients, there were 28 nonfatal bleeding episodes requiring a transfusion among the 3798 patients receiving antiplatelet therapy, compared with 15 nonfatal bleeding episodes requiring a transfusion among the 3808 control subjects (p = 0.04). 73 Given the evidence that ASA prevents cardiovascular events in the nonperioperative setting, 74 the conflicting RCT evidence surrounding the impact of ASA on perioperative cardiovascular events, and the likelihood of increased risk of bleeding associated with perioperative ASA therapy, determining the balance of benefits and risk of ASA prophylaxis in patients undergoing noncardiac surgery will require a large definitive RCT. Until then, physicians must weigh the increased risk of bleeding against yet unproven cardiovascular benefits.
Acute and long-term management of major perioperative ischemic cardiac events
Unfortunately, there are no RCTs informing us how to manage perioperative ischemic cardiac events acutely or in the long term. Identifying and treating correctable causes (e.g., anemia and hypoxia) seems advisable. Although thrombolytic, antiplatelet and anticoagulant therapies are beneficial in the management of acute nonoperative MIs, 75 these therapies in the acute perioperative setting are likely to have a different risk-benefit ratio. Drugs that are efficacious in the long-term management of nonoperative MI (e.g., ASA, ACE inhibitors, β-blockers and statins) may not have the same impact in the management of perioperative MI. 76 Only RCTs specific to the perioperative period will leave us confident of generalizing results from other settings.
Conclusions
Unrecognized MIs are common, and about half of all perioperative MIs may go unrecognized if physicians rely solely on clinical signs or symptoms. Perioperative troponin measurement and 12-lead ECGs can facilitate detection of clinically silent MIs as well as provide longterm prognostic information. Although several perioperative prophylactic interventions (α 2 -adrenergic agonist, β-blocker, statin, ASA and calcium-channel blocker therapies) may prevent major perioperative cardiac events, definitively establishing or refuting their benefit will require large, well-designed and conducted trials. Current evidence does not support a management strategy of preoperative coronary revascularization before noncardiac surgery.
